Introduction {#s1}
============

Type 2 diabetes is a common metabolic disorder characterized by hyperglycemia arising from defects in insulin secretion and action. The increase in incidence and prevalence of type 2 diabetes is strongly associated with an increase in obesity in the general population ([@B1]). Prior observational studies have suggested that bariatric surgery is the most effective long-term intervention for weight loss, leading to an increase in the number of procedures performed annually ([@B2],[@B3]).

Bariatric surgery has been associated with remission of type 2 diabetes. Intriguingly, there appears to be some heterogeneity within procedures with regard to their efficacy in improving type 2 diabetes, with Roux-en-Y gastric bypass (RYGB) being superior to adjustable gastric banding ([@B4]) or to medical therapy alone in achieving glycemic control ([@B5],[@B6]). However, while sleeve gastrectomy was associated with rates of resolution of type 2 diabetes similar to those of RYGB 1 year after intervention, at 24 months subjects with RYGB exhibited greater reduction in truncal fat and improvement in β-cell function compared with sleeve gastrectomy or intensive medical therapy ([@B7]). This would suggest that RYGB differs from purely restrictive procedures in terms of direct benefit to islet function. One of the changes known to occur after RYGB is an increase in postprandial glucagon-like peptide 1 (GLP-1) concentrations compared with control subjects ([@B8]--[@B10]). GLP-1 is an insulin secretagogue released by enteroendocrine L cells ([@B11]). In addition, it also suppresses glucagon secretion ([@B12]). These and numerous other observations have led to the development of GLP-1--based therapy for type 2 diabetes ([@B13]).

We therefore set out to examine the effect of endogenous GLP-1 secretion on glucose metabolism after RYGB using exendin-9,39, a competitive antagonist of GLP-1 at its cognate receptor (GLP-1R) ([@B14],[@B15]). To control for the potential effects of this compound on β-cell function (measured as disposition index \[DI\] \[[@B16]\]), we also studied age- and weight-matched subjects. Fasting and postprandial glucose metabolism was measured using the isotope dilution method ([@B17]), while indices of insulin secretion and action were measured using the oral minimal model ([@B18]). To avoid potential confounders such as the effect of diabetes on endogenous insulin secretion (and therefore the ability to respond to an endogenous secretagogue such as GLP-1) we studied nondiabetic subjects \>1 year after surgery when subjects were at a stable weight. Subjects were studied on two occasions in random order, receiving a saline or exendin-9,39 infusion (at a rate of 300 pmol/kg/min) during the study. We report that while exendin-9,39 increased integrated postprandial glucose concentrations in both post-RYGB subjects and control groups, it decreased peak and integrated postprandial insulin and C-peptide in post-RYGB subjects but not in control subjects. On the other hand, exendin-9,39 did not alter insulin action or total DI in the post-RYGB subjects. While exendin-9,39 accelerated gastric emptying after RYGB, it did not alter the *R*~a~ of the ingested glucose, postprandial suppression of endogenous glucose production (EGP), or postprandial stimulation of glucose disappearance. We conclude that the marked elevation of endogenous GLP-1 concentrations after RYGB has effects on insulin secretion and gastrointestinal motility in nondiabetic subjects.

Research Design and Methods {#s2}
===========================

After approval from the Mayo Institutional Review Board, local advertisement was used to recruit 12 subjects without type 2 diabetes and not taking any glucose-lowering medication after uncomplicated RYGB. Subjects gave written, informed consent to participate in the study. Concurrently, eight age-, sex-, and weight-matched subjects with no history of type 2 diabetes who were recruited by the same process gave written informed consent to participate. All subjects were in good health, at a stable weight, and did not engage in regular exercise. All subjects were instructed to follow a weight-maintenance diet (\~55% carbohydrate, 30% fat, and 15% protein) for the period of study. Body composition was measured using dual-energy X-ray absorptiometry (DPX scanner; Lunar, Madison, WI).

Experimental Design {#s3}
-------------------

Subjects were studied on two occasions in random order 14 days apart. On one occasion, subjects received an infusion of exendin-9,39 (1,200 pmol/kg bolus followed by infusion at 300 pmol/kg/min as previously described \[[@B16]\]), while on the other occasion they received saline. They were admitted to the clinical research unit at 1700 h on the evening prior to all of the meal studies. Subsequently, they consumed a standardized low-calorie meal (10 kcal/kg body wt: 40% carbohydrate, 30% fat, and 30% protein) tolerable to patients who have undergone restrictive upper gastrointestinal procedures and then fasted overnight. At 0630 h on the following morning (−180 min), a forearm vein was cannulated with an 18-g needle to allow infusions to be performed. An 18-g cannula was inserted retrogradely into a vein of the dorsum of the contralateral hand. This was placed in a heated Plexiglas box maintained at 55°C to allow sampling of arterialized venous blood ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1)). A primed (12 mg/kg) continuous (0.12 mg/kg/min) infusion of \[6,6-^2^H~2~\]glucose was initiated. At time 0 (0930 h), subjects consumed a meal (220 kcal, 56% carbohydrate, 25% fat, and 19% protein) consisting of one scrambled egg, 15 g Canadian bacon, 100 mL water, and Jell-O containing 35 g glucose labeled with \[1-^13^C\]glucose (4% enrichment). To enable measurement of solid-phase gastric emptying, we labeled the egg with 0.1 mCi ^111^In-DTPA to allow for measurement of gastric emptying and orocecal transit. Simultaneously, an infusion of saline or exendin-9,39 was initiated. An infusion of \[6-^3^H\]glucose was also started at this time, and the infusion rate varied to mimic the anticipated appearance of meal \[1-^13^C\]glucose. The rate of infusion of \[6,6-^2^H~2~\]glucose was altered to approximate the anticipated fall in EGP, thereby minimizing changes in specific activity ([@B19],[@B20]).

The consumption of the test meal was standardized; subjects fed themselves by repetitively consuming a spoonful of Jell-O followed by a spoonful of bacon and egg. Subjects were instructed to consume all of their meal within 15 min from the study start. At the end of the meal, subjects drank 30 mL water. The meal was consumed in the sitting position.

Measurement of Gastrointestinal Transit {#s4}
---------------------------------------

Gastrointestinal and colonic transit was measured by anterior and posterior γ camera images obtained in the supine position immediately after meal ingestion, then every 15 min for the first 2 h, and then every 30 min for the next 2 h (total 4 h after the meal) ([@B21]). A region of interest analysis around the stomach or, in the case of RYGB subjects, around the gastric pouch was created using ANALYZE PC 2.5 (Biomedical Imaging Resource; Mayo Foundation, Rochester, MN), and the counts in the stomach and their change over time were quantitated. The counts were corrected for radionuclide decay and tissue attenuation.

Analytical Techniques {#s5}
---------------------

Plasma samples were placed on ice, centrifuged at 4°C, separated, and stored at −20°C until assayed. Glucose concentrations were measured using a glucose oxidase method (Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin was measured using a chemiluminescence assay (Access Assay; Beckman, Chaska, MN). Plasma glucagon and C-peptide were measured by Radio-Immunoassay (Linco Research, St. Louis, MO). Collection tubes for GLP-1 had 100 μmol/L dipeptidyl peptidase-4 inhibitor (Linco Research, St. Louis, MO) added. Total GLP-1 concentrations were measured using a COOH-terminal assay (Linco Research). Plasma \[6,6-^2^H~2~\]glucose and \[1-^13^C\]glucose enrichments were measured using gas chromatographic mass spectrometry (Thermoquest, San Jose, CA) to simultaneously monitor the C-1 and C-2 and C-3 to C-6 fragments, as described by Beylot et al. ([@B22]). In addition, \[6-^3^H\]glucose specific activity was measured by liquid scintillation counting after deproteinization and passage over anion- and cation-exchange columns ([@B20]).

Calculations {#s6}
------------

The systemic rates of meal appearance (*R*~a\ meal~), EGP, and *R*~d~ were calculated using Steele's model ([@B23]). *R*~a\ meal~ was calculated by multiplying *R*~a~ of \[1-^13^C\]glucose (obtained from the infusion rate of \[6-^3^H\]glucose and the clamped plasma ratio of \[6-^3^H\]glucose and \[1-^13^C\]glucose) by the meal enrichment. EGP was calculated from the infusion rate of \[6,6^2^H~2~\]glucose and the ratio of \[6,6^2^H~2~\]glucose to endogenous glucose concentration. *R*~d~ was calculated by subtracting the change in glucose mass from the overall rate of glucose appearance (i.e., *R*~a\ meal~ + EGP). Values from --30 to 0 min were averaged and considered as basal. Area above basal (AAB) was calculated using the trapezoidal rule.

Net insulin action (insulin sensitivity index \[*S*~i~\]) was measured using the oral minimal model ([@B24]). β-Cell responsivity indices were estimated using the oral C-peptide minimal model ([@B25]), incorporating age-associated changes in C-peptide kinetics ([@B26]). The model assumes that insulin secretion comprises a static and a dynamic component with an index of total β-cell responsivity to glucose (ϕ~total~) derived from these two components ([@B18]). DIs were subsequently calculated by multiplying ϕ~total~ by *S*~i~.

Statistical Analysis {#s7}
--------------------

Data in the text are presented as (observed) means ± SEM. The primary analyses compared changes in fasting, peak, and integrated hormone concentrations or glucose flux (saline vs. exendin-9,39 treatment) was assessed separately for each group using a paired, two-tailed *t* test. Between-group differences were assessed using an unpaired, two-tailed *t* test. A *P* value \<0.05 was considered statistically significant. The SD of the change in a given parameter between saline and exendin-9,39 studies in the RYGB subjects and separately in the control subjects was used to calculate the detectable difference between study days with 80% power using a paired *t* test with a two-sided α-level of 0.05 ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1)).

Results {#s8}
=======

Volunteer Characteristics {#s9}
-------------------------

There were 12 subjects studied 5.0 ± 0.9 years after RYGB and 8 age-, weight-, and sex-matched control subjects. Average weight prior to surgery was 117 ± 3 kg, and the average change in weight was −25 ± 3%). No important differences were observed in other baseline characteristics between the groups ([Table 1](#T1){ref-type="table"}).

###### 

Baseline characteristics of the participants in each group

![](483tbl1)

Total GLP-1 Concentrations {#s10}
--------------------------

Fasting, total GLP-1 concentrations did not differ between the post-RYGB and control groups. In contrast, peak GLP-1 concentrations after meal ingestion during saline infusion were higher (*P* \< 0.001) in the post-RYGB group compared with the control group, respectively (64 ± 9 vs. 11 ± 2 pmol/L). Exendin-9,39 infusion did not alter peak GLP-1 concentrations in the post-RYGB group. However, in the control group exendin-9,39 increased (*P* = 0.003) peak GLP-1 concentrations compared with saline infusion (11 ± 2 vs. 25 ± 4 pmol/L). Integrated AAB GLP-1 concentrations were increased by exendin-9,39 in both the post-RYGB (3,519 ± 499 vs. 4,625 ± 458 pmol/3 h, *P* = 0.04) and control (158 ± 269 vs. 1,525 ± 202 pmol/3 h, *P* \< 0.001) groups, respectively ([Fig. 1](#F1){ref-type="fig"}).

![Total GLP-1 concentrations during saline infusion and during exendin-9,39 infusion in the post-RYGB (*upper panel*) or control (*lower panel*) groups.](483fig1){#F1}

Plasma Glucose, Insulin, C-peptide, and Glucagon Concentrations {#s11}
---------------------------------------------------------------

Fasting glucose ([Fig. 2](#F2){ref-type="fig"} \[*top panel*\]) did not differ between the post-RYGB and control groups (5.2 ± 0.2 vs. 4.9 ± 0.1 mmol/L, *P* = 0.33), respectively. In contrast, peak glucose concentrations after meal ingestion during saline infusion were higher (*P* \< 0.001) in the RYGB group (12.3 ± 0.7 vs. 8.4 ± 0.3 mmol/L), likely reflecting different upper gastrointestinal anatomy. Exendin-9,39 did not alter peak glucose concentrations after meal ingestion in either the post-RYGB (12.3 ± 0.7 vs. 12.3 ± 0.7 mmol/L, *P* = 0.91) or control (8.4 ± 0.3 vs. 9.0 ± 0.3 mmol/L, *P* = 0.14) group. Exendin-9,39 increased integrated (AAB) glucose concentrations in both the post-RYGB (198 ± 31 vs. 364 ± 46 mmol/6 h, *P* = 0.001) and control (170 ± 34 vs. 224 ± 37 mmol/6 h, *P* = 0.03) groups.

![Glucose (*upper panel*), insulin (*upper middle panel*), C-peptide (*lower middle panel*), and glucagon concentrations (*lower panel*) during saline infusion and during exendin-9,39 infusion in the post-RYGB (*left panel*) and control (*right panel*) groups.](483fig2){#F2}

Fasting insulin concentrations (*upper middle panels*) were higher (*P* = 0.04) in the control groups (23 ± 3 vs. 36 ± 6 pmol/L). However, peak insulin concentrations after meal ingestion during saline infusion did not differ (491 ± 69 vs. 309 ± 68 pmol/L, *P* = 0.09). Exendin-9,39 decreased (*P* \< 0.001) peak (491 ± 69 vs. 389 ± 56 pmol/L) and integrated (AAB) insulin concentrations (18.1 ± 3.1 vs. 12.3 ± 2.2 nmol/6 h, *P* = 0.002) after meal ingestion in the post-RYGB group. On the other hand, exendin-9,39 did not alter peak or integrated insulin concentrations in the control group.

Fasting C-peptide concentrations (*lower middle panels*) did not differ between the post-RYGB and control groups. However, peak C-peptide concentrations after meal ingestion during saline infusion were higher in the post-RYGB group (3.5 ± 0.2 vs. 2.8 ± 0.3 nmol/L, *P* = 0.05). Postprandial C-peptide concentrations mirrored insulin concentrations in exendin-9,39 decreased peak (3.5 ± 0.2 vs. 2.9 ± 0.2 nmol/L, *P* = 0.001) and integrated (AAB) C-peptide concentrations (204 ± 25 vs. 133 ± 21 nmol/6 h, *P* = 0.001) after meal ingestion in the post-RYGB group but did not affect these parameters in the control group ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1)).

Fasting and nadir postprandial glucagon concentrations (*bottom panels*) did not differ between the post-RYGB and control groups and were not altered by exendin-9,39 in either group. However, post hoc analysis revealed an effect of exendin-9,39, which increased glucagon concentrations at 20 and 30 min in the control subjects and at 20, 45, and 60 min in the post-RYGB subjects ([Supplementary Table 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1)).

Dynamic β-Cell Responsivity (ϕ~Dynamic~), Static β-Cell Responsivity (ϕ~Static~), and Total β-Cell Responsivity (ϕ~Total~) {#s12}
--------------------------------------------------------------------------------------------------------------------------

The dynamic component of insulin secretion (ϕ~Dynamic~) was unchanged in either group by exendin-9,39 infusion ([Fig. 3](#F3){ref-type="fig"} \[*top panel*\]). In subjects after RYGB, exendin-9,39 significantly decreased (*P* = 0.03) the static component of insulin secretion (ϕ~Static~) (31 ± 7 vs. 16 ± 1 10^−9^ ⋅ min^−1^), while there was no effect observed in the control group (*middle panel*). Total β-cell responsivity (ϕ~Total~) was decreased in both RYGB (13 ± 1 vs. 11 ± 1 10 × ^−9^ ⋅ min^−1^, *P* = 0.01) and control groups (16 ± 7 vs. 14 ± 1 × 10^−9^ ⋅ min^−1^, *P* = 0.04) (*lower panel*).

![ϕ~Dynamic~ (*top panel*), ϕ~Static~ (*middle panel*), and ϕ~Total~ (*bottom panel*) during saline infusion and during exendin-9,39 infusion in the post-RYGB subjects and in control subjects. \**P* \< 0.05.](483fig3){#F3}

Insulin Action and DI~Total~ {#s13}
----------------------------

Exendin-9,39 infusion did not significantly alter insulin action (*S*~i~) in either group ([Fig. 4](#F4){ref-type="fig"} \[*top panel*\]). Expressing ϕ~Total~ as a function of the prevailing insulin action as the DI (DI~Total~ \[*bottom panel*\]) revealed no net effect of exendin-9,39 in the post-RYGB group (227 ± 34 vs. 215 ± 36 × 10^−14^ dL ⋅ kg^−1^ ⋅ min^−2^ ⋅ pmol^−1^, *P* = 0.59) but an effect (*P* = 0.03) in the control group (329 ± 40 vs. 279 ± 49 × 10^−14^ dL ⋅ kg^−1^ ⋅ min^−2^ ⋅ pmol^−1^).

![*S*~i~ (*top panel*) and DI~Total~ (*bottom panel*) during saline infusion and during exendin-9,39 infusion in the post-RYGB subjects (*left panel*) and in control subjects (*right panel*). \**P* \< 0.05.](483fig4){#F4}

EGP, Meal Appearance, and Glucose Disappearance {#s14}
-----------------------------------------------

Fasting EGP as well as postprandial suppression of EGP did not differ between the post-RYGB and control groups ([Fig. 5](#F5){ref-type="fig"} \[*top panel*\]) and was unchanged by exendin-9,39 in either group. Peak meal *R*~a~ (*middle panels*) was higher (*P* \< 0.001) in the post-RYGB group compared with control subjects (175 ± 11 vs. 57 ± 10 μmol/kg/min). Integrated AAB meal *R*~a~ also was also higher (*P* \< 0.001) in the post-RYGB group compared with control subjects (8.6 ± 0.6 vs. 5.0 ± 0.5 mmol/6 h). Exendin-9,39 infusion did not alter peak or integrated meal *R*~a~ in either group, although there was a trend to higher meal *R*~a~ in the control group during exendin-9,39 infusion (5.0 ± 0.5 vs. 5.8 ± 0.4 mmol/6 h, *P* = 0.09). Exendin-9,39 infusion did not alter peak or integrated *R*~d~ (*bottom panel*) in either group.

![EGP (*upper panel*), meal *R*~a~ (*middle panel*), and glucose disappearance (*lower panel*) during saline infusion and during exendin-9,39 infusion in the post-RYGB (*left panel*) and control (*right panel*) groups.](483fig5){#F5}

Gastrointestinal Transit {#s15}
------------------------

Exendin-9,39 significantly increased (*P* \< 0.01) the rate of gastric emptying of the radiolabeled solid meal during the first 45 min after food ingestion in the post-RYGB group but did not alter the rate of gastric emptying in the control group ([Fig. 6](#F6){ref-type="fig"}, [Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1), and [Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1)).

![Gastric emptying during saline infusion and during exendin-9,39 infusion in the post-RYGB (*left panel*) and control (*right panel*) groups.](483fig6){#F6}

Discussion {#s16}
==========

RYGB results in increased postprandial concentrations of GLP-1. To determine the contribution of endogenous GLP-1 to postprandial glucose metabolism after RYGB, we used exendin-9,39, a competitive antagonist of GLP-1 at its receptor. Exendin-9,39 decreased peak and integrated insulin concentrations resulting in a significant increase in integrated glucose concentrations and also an acceleration of gastric emptying. However, it did not alter the postprandial suppression of EGP, the systemic *R*~a~ of ingested glucose, or the postprandial stimulation of glucose disappearance. We conclude that the elevated GLP-1 concentrations post-RYGB have effects on glucose metabolism in nondiabetic subjects \>1 year after RYGB.

The active forms of GLP-1 infused in pharmacologic concentrations increase insulin secretion, delay gastric emptying, and suppress glucagon secretion ([@B27],[@B28]). However, given the short half-life of active GLP-1 in the circulation, the contribution of elevated GLP-1 concentrations to glucose metabolism after RYGB has been the subject of uncertainty. We used exendin-9,39 to examine the contribution of endogenous GLP-1 to postprandial glucose metabolism after RYGB. Given the recently observed effects of exendin-9,39 on DI in the absence of endogenous incretin hormone secretion ([@B16]), we also studied age- and weight-matched control subjects to ensure that our observations could not be explained by direct effects of exendin-9,39 per se.

We infused exendin-9,39 at a rate of 300 pmol/kg/min, as this has previously been shown to block the effects of GLP-1 infused at supraphysiologic doses and the effects of endogenous GLP-1 on gastrointestinal motility and insulin secretion ([@B14],[@B15],[@B29]). Although it is conceivable that the effects of GLP-1 after RYGB were not completely blocked by exendin-9,39 in this experiment, our data are qualitatively similar to those in two recent publications using infusion rates 2.5- to 3.0-fold higher than those used in our current study ([@B30],[@B31]). Ionut et al. ([@B32]) previously reported portal GLP-1 levels twofold higher than in the systemic circulation. Assuming this is the case, the infusion rate of exendin-9,39 should be sufficient to inhibit GLP-1 actions at its receptor ([@B33]). While it is possible that endogenous GLP-1 still contributes to insulin secretion in the presence of exendin-9,39, the residual effect is likely to be small ([@B30]). For example, Jørgensen et al. ([@B31]) used an infusion of 900 pmol/kg/min and experienced a ∼25% increase in integrated glucose concentrations, which compares with the change in glucose concentrations that we observed in our study ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1)) in glucose concentrations. On the other hand, despite the higher infusion rate of exendin-9,39, Jørgensen et al. did not observe significant effects on gastrointestinal motility, which was evaluated with acetaminophen-based methodology that assesses emptying of the liquid phase of the meal. This may be insufficiently sensitive to detect subtle changes in motility, especially in the presence of RYGB, which normally causes rapid emptying of the meal's liquid phase.

Exendin-9,39 infusion resulted in increased total GLP-1 secretion, an effect that has been observed in the absence of an oral stimulus ([@B16]), after RYGB, and, albeit to a lesser extent, in matched control subjects. However, while both peak and integrated GLP-1 concentrations were increased by exendin-9,39 in the control subjects, peak concentrations were unaffected post-RYGB. One possible explanation is that peak GLP-1 secretion after RYGB is maximized and cannot be increased further by blockade of the GLP-1R.

In subjects post-RYGB, exendin-9,39 decreased peak and integrated insulin concentrations. While insulin concentrations reflect the net sum of insulin secretion and hepatic clearance, a parallel decrease in C-peptide concentrations during GLP-1R inhibition by exendin-9,39 implies that this was due not to an increase in hepatic insulin extraction but to decreased insulin secretion. Indeed, the minimal model indices demonstrate decreased β-cell responsivity to glucose in the presence of exendin-9,39 post-RYGB. This effect was manifest on the component of β-cell responsivity (ϕ~static~) that represents the provision of new insulin to the releasable pool, whereas the component representing promptly releasable insulin (ϕ~dynamic~) was unchanged ([@B25]). This observation mirrors the effect of GLP-1--based pharmacotherapy on β-cell responsivity ([@B20]), implying that activation of GLP-1R modulates insulin synthesis and release in response to a mixed-meal challenge. Blockade of GLP-1R after RYGB has a converse effect, suggesting that postprandial elevation of GLP-1 after RYGB also modulates insulin synthesis and secretion. On the other hand, when total β-cell responsivity (ϕ~Total~) is expressed as a function of the prevailing insulin action (*S*~i~) to calculate DI---a measure of net β-cell function---this was unchanged by exendin-9,39, emphasizing the relatively minor contribution of endogenous GLP-1 secretion to overall β-cell function after RYGB in this experiment.

In the control subjects, exendin-9,39 infusion also decreased total DI indicating a decrease in β-cell function when considered in light of the prevailing insulin action. This in turn resulted in a slight, but significant, increase in glucose concentrations. Exendin-9,39 decreased DI in otherwise healthy subjects in the absence of endogenous incretin hormone secretion ([@B16]). However, in the present experiment, potential effects of exendin-9,39 per se would represent a conservative error in terms of quantifying the effects of GLP-1 post-RYGB. Despite reports that GLP-1 increases insulin action (rev. in [@B34]), insulin action did not differ in the presence or absence of exendin-9,39.

In experiments that used sustained hyperglycemia as a β-cell stimulus, regardless of whether intravenous glucose was the sole stimulus ([@B35]) or combined with a nutrient challenge delivered orally ([@B36]) or by nasoduodenal tube ([@B14],[@B37]), exendin-9,39 decreased insulin secretion in healthy subjects ([@B14]), in subjects with type 2 diabetes ([@B36],[@B37]), and after RYGB ([@B35]). These experiments differ from the current study that used a less sustained challenge that more closely resembles normal physiology.

Despite decreased insulin secretion after meal ingestion, postprandial suppression of EGP was unaffected by exendin-9,39 after RYGB. Since hyperglycemia per se potentially suppresses glucose production and stimulates glucose uptake, the high postprandial glucose concentrations due to the rapid absorption of ingested glucose, along with the rapid increase in insulin concentrations, albeit to a slightly lower peak, are sufficient to result in comparable glucose fluxes in the presence or absence of exendin-9,39 ([@B38]). Whether these differences would be more apparent in individuals with impaired glucose effectiveness ([@B39]), such as those with type 2 diabetes, is uncertain. The other noteworthy observation is that in the presence of GLP-1R inhibition post-RYGB, despite the modest acceleration of gastrointestinal transit, the systemic *R*~a~ of ingested glucose was also unchanged. A possible explanation is that the rate of emptying from the gastric pouch of the portion of the meal labeled with \[1-^13^C\]glucose emptied at a rate different from that associated with the (solid) portion labeled with indium. In the control subjects, the changes in meal appearance and glucose disappearance also did not differ significantly between study days.

It has been presumed that the increase in GLP-1 after meal ingestion post-RYGB is related to rapid delivery of food to the incretin-secreting portions of the intestine ([@B9],[@B40],[@B41]). As expected in our experiment given the upper gastrointestinal anatomy after RYGB, gastric emptying of the solid portion of the meal differed dramatically between post-RYGB subjects and control subjects. However, exendin-9,39 accelerated gastric emptying in the post-RYGB subjects, suggesting that postprandial GLP-1 concentrations in this situation delay transit of ingested solids. Given the nature of the surgical reconstruction that leads to rapid emptying of solids, it is not surprising that this effect was only observed early after meal ingestion ([@B42]).

In our experiment, we failed to observe an effect of exendin-9,39 on gastrointestinal transit in the control group. This may have been in part because we were only powered to detect a relatively large change (23 min) in the time taken to empty half the stomach contents (gastric emptying *T*~1/2~) ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1)). Previously, Schirra et al. ([@B14]) measured gastroduodenal motility using perfusion manometry and concluded that in the presence of intraduodenal glucose infusion, exendin-9,39 increased motility. Subsequently, a surrogate measurement of gastric emptying, i.e., the rate of systemic appearance of [d]{.smallcaps}-xylose ingested together with glucose in healthy subjects ([@B43]) or with a mixed meal in people with type 2 diabetes ([@B36]), failed to show an effect of exendin-9,39. Measurement of gastric emptying using scintigraphy has demonstrated either no effect ([@B44]) or accelerated emptying ([@B45]) in otherwise healthy humans. However, Deane et al. ([@B45]) infused exendin-9,39 for 30 min prior to meal ingestion and, given the effect of GLP-1 on gastric volume and accommodation ([@B46]), it is possible that under these experimental conditions the compound accelerated gastric emptying because of decreased gastric volume prior to meal ingestion ([@B45]).

In summary, exendin-9,39 results in an increase in postprandial glucose concentrations and a decrease in insulin secretion in subjects post-RYGB. This demonstrates that even several years after RYGB in nondiabetic subjects, the elevated postprandial GLP-1 concentrations affect insulin secretion and gastrointestinal motility. Whether such GLP-1--mediated effects explain the preservation or improvement in β-cell function in RYGB compared with other bariatric procedures ([@B7]) remains to be ascertained.

Supplementary Material
======================

###### Supplementary Data

Clinical trial reg. no. NCT01843881, [clinicaltrials.gov](http://clinicaltrials.gov).

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0954/-/DC1>.

See accompanying commentary, p. 387.

**Funding.** The authors acknowledge the support of the Mayo Clinic General Clinical Research Center (NIH DK TR000135). C.C. and A.V. are supported by NIH R01 DK-78646 and by NIH R01 DK-82396.

**Duality of Interest.** A.V. has received research grants from Merck and Daiichi-Sankyo; is an investigator in multicenter studies sponsored by Novartis and GI dynamics, respectively; and has consulted for XOMA, Sanofi, Novartis, and Bristol-Myers Squibb. No other potential conflicts of interest relevant to this article were reported.

**Author Contributions.** M.Sh. and J.H.L researched data and ran the studies. F.M. undertook mathematical modeling of insulin secretion and action. M.Sa. conducted some of the meal studies and researched data. C.D.M. undertook mathematical modeling of insulin secretion and action. C.C. reviewed and edited the manuscript. R.A.R. contributed to discussion and reviewed and edited manuscript. M.C. supervised the gastric emptying studies and reviewed and edited the manuscript. A.R.Z. performed statistical analysis. A.V. researched data and wrote the manuscript. A.V. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.

[^1]: M.S. and J.H.L. contributed equally to this study.
